We have developed a fully automated system for operant behavior testing and neuronal activity recording by which multiple cognitive brain functions can be investigated in a single task sequence. The unique feature of this system is a custom-made, acoustically transparent chamber that eliminates many of the issues associated with auditory cue control in most commercially available chambers. The ease with which operant devices can be added or replaced makes this system quite versatile, allowing for the implementation of a variety of auditory, visual, and olfactory behavioral tasks. Automation of the system allows fine temporal (10 ms) control and precise time-stamping of each event in a predesigned behavioral sequence. When combined with a multi-channel electrophysiology recording system, multiple cognitive brain functions, such as motivation, attention, decision-making, patience, and rewards, can be examined sequentially or independently.
Electrophysiological recording sub-system Animals' response signals received by the computer are instantaneously sent to the neural recording system via the SuperPort TTL card (DIG-726) and the Cheetah Digital Interface Box (Neuralynx, Bozeman, MT) (Figure 2 ). These behavior events are time-stamped and recorded simultaneously with neural activities. Neural spikes detected online from the Neuralynx recording system can be used as input signals to the behavioral control sub-system for manipulating or interfering animal's behavior. Conversely, the animal's response signals can be used as triggers for manipulating or interfering neuronal activities when combined with electric or optogenetic stimulation techniques. These approaches will be valuable for elucidating causalities between neuronal activities and behaviors.
Programming and data processing The behavioral control programs are written with Trans IV software (Thomas A. Tatham and MED Associates) and compiled with Pascal compiler. Automation of each training step is realized by loading the Trans IV program into the MED-PC IV Software. Training parameters can also be adjusted online by trainers while the MED-PC IV Software is running. The Trans IV codes need to be specific for both system setup and behavioral task. Standard training programs are, however, freely available from the MED Associates and can be modified to meet individual laboratory's specific needs. Training programs used in our setups are also freely available upon request.
Behavioral data are saved automatically by the MED-PC IV Software. The saved data can be translated into Microsoft Excel files by using the MED-PC To Excel program (MPC2XL, Thomas A. Tatham and MED Associates). The translated Excel files can then be imported and analyzed in a MATLAB environment (MathWorks, Natick, MA). The neural data along with the behavioral event timestamps recorded with the Cheetah software (Cheetah 5, Neuralynx, Bozeman, MT) can also be imported into MATLAB for analysis.
Training
To illustrate the operation of this system, we describe here a Two-Alternative Choice Pitch Discrimination Task, designed to examine the frequency discrimination threshold of a rat. A schematic illustration of the task is shown in Figure 3 .
Cue Training
1. In a new session, play the auditory cues following a nose-poke event with a short delay (100 to 250 ms). Extend both left and right levers shortly (100 ms) after each auditory cue presentation. 2. Reward the rat only when it pushes the lever that is indicated by the auditory cue. The animal will gradually learn to associate a specific auditory cue with one lever. The animal is then free to begin a new trial with the sequence: Nose-poke → Cue→Lever push→Reward/No Reward (Figure 3) . Because of high false rate in the initial learning sessions, supplementary food should be given to maintain the body weight after each training session. 3. In the next several 30 minute sessions, let the rat practice the newly learned task until a consistent performance level is reached (see Figure  3A for a typical learning curve). Once the task is mastered, a rat can obtain about 200 -300 pellets in each 30 minute session, which are enough to maintain its body weight.
Representative Results
Following the above protocol, we trained rats to recognize two different patterns of pure tone pulse trains consisting of six tone pips with either the same frequency (F,F,F,F,F,F) or different frequencies (F, F-ΔF, F, F-ΔF, F, F-ΔF) [1] [2] [3] [4] [5] . Each tone pip is 200 ms in duration and the tone pip interval is 400 ms. In the present study, F was set to be 10 kHz and ΔF ranged from 1 to 50% of the F (Figure 3, top) . Typically, ΔF was set at relatively large value during training sessions: 5 kHz, 4 kHz, 3 kHz, 2 kHz, and 1 kHz, to facilitate the training. Each pure tone pulse train with different ΔF value was presented randomly in a given session.
The Two-Alternative Choice Pitch Discrimination Task is illustrated in Figure 3 . Rats were trained to poke their nose into the nose hole ( Figure  1B and Figure 3 , bottom) to start a trial. Nose poke triggers broadcasting of the auditory cues. Upon recognition of the cues, rats need to run to the correct side of the chamber, approach the lever, wait for the lever to extend into the chamber, and then push the lever within a certain time window (lever active time, 1 to 2 seconds) to obtain a reward (Figure 3) . The hit rate was calculated for each ΔF value as the number of hit trials divided by the number of total trials for each individual ΔF value. A criterion of 75% hit rate was used to indicate that the rat had learned the task. A typical learning curve of one rat is presented in Figure 4A . Each colored line depicts the learning progress for each pulse train with different ΔF (ΔF0 represents the constant pulse train). On average, it took about seven sessions of training (starting from the first session of auditory cue presentation, Step 5 Cue Training) to reach the 75% hit rate criterion.
This system also allows quantitative characterization of animal's behavior in performing the task designed by experimenters. Three measurements that are widely used in animal behavioral studies are shown in Figure 4 B -D. The reaction time, reflecting mainly an animal's attentiveness to the task, was measured as elapse of time between onset of auditory cue and lever push. The inter-trial interval, reflecting how committed an animal was to the task in which the animal initiated each trial and was not punished by time-out in false trial, was plotted in Figure  4C . The temporal variation of performance within a session, representing the dynamic patterns of an animal's overall performance and reflecting improvement/adaptation that could occur within a single session, was plotted in Figure 4D . Each session was divided into early, middle, and late stage (10 minutes per stage). Accumulated numbers of rewards in each stage were used in this measurement.
The neural basis of several cognitive behaviors ( Figure 5A and see Discussion) can also be addressed with this system by recording the neural activities of animals performing a task. Examples of neural activity recorded simultaneously in the nucleus basalis (NB) and ventral tegmental area (VTA) of a rat brain are shown in Figure 5B and C. The firings of neurons are time-stamped to relate to each event of the trial (such as nose-poke, lever push, auditory cue presentation and recognition, and actual receiving of reward) and analyzed in relation to these behavioral task events. Results of combined behavioral and neural activity recording with this system will be fruitful in elucidating the neural basis of a variety of cognitive behaviors. Precise temporal control of each operant device, as well as high resolution recording of single events in a given trial, enable accurate manipulation of the devices for customizing the design of behavioral tasks to address different cognitive brain functions (see below). When combined with neuronal activity recording, a rich variety of issues in the field of neurosciences can be studied with this system. For instance, in the auditory task described above, the following questions related to brain cognitive functions can be investigated in a single trial:
(1). Motivation: Since each trial is initiated by animal's "self-motivated" nose-poke action ( Figure 5A-a and Figure 3) , motivation can thus be assessed quantitatively by measuring the total number of trials performed by an animal in a given session, or the number of consecutive trials performed 6, 7 .
(2). Attention: The key for obtaining a reward in a trial is to correctly recognize the auditory cues. In about 25% of rats that could not be trained to perform the task, lack of attending to the auditory cues was the major factor. In contrast, in the rats who learned the task, a momentary pause of behaviors was apparent during auditory cue presentation (see Figure 5A-b and Figure 3) . By using this system, it is thus possible to (i) screen rats for "attention deficits" and (ii) study neural mechanisms of attention when combined with neuronal recordings while the animal is attending to the auditory cues [8] [9] [10] .
(3). Decision: Upon recognition of the auditory cues, the animal has to decide which direction to turn to approach the correct lever within a limited time window (Figure 5A-c) . It is thus also an effective paradigm for studying decision-making 11, 12 .
(4). Patience: The timing of lever extension can be controlled such that the animal has to wait for the lever after arriving at the spot where the lever will extend (Figure 5A-d) . By varying the length of waiting, the extent of an animal's patience can be tested and quantified 13 .
(5). Rewards: The final goal of the task is to obtain the reward ( Figure 5A-e and Figure 3) . Behavioral tasks using this system can thus be easily designed to study many aspects of reward-decision issues and the function of the value systems of the brain [14] [15] [16] [17] .
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